It is reasonable to assume that the discrimination of simple visual stimuli depends on the activity of early visual cortical neurons, because simple visual features are supposedly coded in these areas whereas more complex features are coded in late visual areas. Recently, we showed that training monkeys in a coarse orientation discrimination task modified the response properties of single neurons in the posterior inferior temporal (PIT) cortex, a late visual area. Here, we examined the contribution of PIT to coarse orientation discrimination using causal perturbation methods. Electrical stimulation (ES) of PIT with currents of at least 100 µA impaired coarse orientation discrimination in monkeys. The performance deterioration did not exclusively reflect a general impairment to perform a difficult perceptual task. However, high current (650 µA) but not low-current (100 µA) ES also impaired fine color discrimination. ES of temporal regions dorsal or anterior to PIT produced less impairment of coarse orientation discrimination than ES of PIT. Injections of the GABA agonist muscimol into PIT also impaired performance. These data suggest that the late cortical area PIT is part of the network that supports coarse orientation discrimination of a simple grating stimulus, at least after extensive training in this task at threshold.
Introduction
Because simple visual features (e.g., orientation) are supposedly coded in early visual cortical areas while more complex features (e.g., object fragments) are coded in later visual areas (Kobatake and Tanaka 1994) , it is reasonable to propose that the discrimination of simple stimuli, such as oriented gratings, depends on the activity of neurons in early visual cortical areas. Indeed, the discrimination of small differences in the orientation of gratings (fine orientation discrimination) is still possible after large inferior temporal (IT) cortical lesions (Vogels et al. 1997 ) whereas IT lesions are known to impair the discrimination of complex stimuli (Gaffan et al. 1986 ). Furthermore, a recent study showed a low but significant correlation of trial-to-trial variations in V1 spiking activity and behavioral choices (choice probabilities) when the discrimination of large orientation differences of noisy gratings (coarse orientation discrimination) was required (Nienborg and Cumming 2014) . Recent studies in humans that employed a coarse orientation discrimination task also have postulated early visual areas as major contributors to the learning and performance in this task (Seitz et al. 2009; Shibata et al. 2011) . However, other work suggests that late visual cortical areas can contribute to the discrimination of simple visual features, such as oriented gratings. Indeed, IT lesions impaired orientation discrimination when the orientation of successively presented gratings needed to be compared, whereas orientation discrimination of simultaneously presented gratings was barely affected in the same lesioned animals (Vogels et al. 1997) . This implies that, even for simple visual stimuli, higher visual cortical regions can be recruited when needed to solve a task. Thus, not merely stimulus feature complexity but also task determines the contribution of an area to the behavioral decision. In agreement with a role of late visual areas in simple discriminations, a recent model of perceptual learning of oriented gratings masked by noise postulated an integrated read-out of both early and late "locationindependent" visual representations determining performance in the orientation discrimination task (Dosher et al. 2013) .
In a recent series of studies, we trained rhesus monkeys in a coarse orientation discrimination task in which the animals discriminated 2 gratings that differed by 90°. Task difficulty was manipulated by adding noise to the grating, that is, by lowering the signal to noise ratio (SNR) . Behavioral performance at low SNRs increased during the course of training, which was accompanied by an improvement of V4 neurons to discriminate the gratings (Adab and Vogels 2011 ). An fMRI study showed activation in the posterior inferior temporal (PIT) cortex, a late visual cortical area, to low SNR stimuli in the trained animals. Subsequent recordings in this fMRI-defined patch showed that these PIT neurons were orientation sensitive and tended to prefer the 2 trained orientations (Adab et al. 2014) . Interestingly, single PIT neurons showed low, but significant, choice probabilities. Although suggestive, the presence of choice probabilities in PIT does not prove that these neurons are causally related to the decision in the coarse orientation discrimination since choice probabilities may also reflect correlated activity between the measured neural activity and decision-related neurons in other regions.
Here we employed causal methods, electrical stimulation (ES) and muscimol injections, to reversibly perturb the activity in PIT and assess their effect on coarse orientation discrimination performance. Low-current ES (<40 μA) has been employed to predictably change the choice of animals in discrimination tasks: stimulating a small cluster of neurons that prefer a particular stimulus can enhance the number of choices of that stimulus in a perceptual discrimination task (e.g., in MT [Salzman et al. 1990 ] and IT [Afraz et al. 2006; Verhoef et al. 2012] ). This ES paradigm works only when neurons with similar stimulus preferences are clustered. Since we did not have evidence for such clustering of orientation preference in PIT (Adab et al. 2014 ), we employed high-current ES to perturb the activity of the PIT neurons. Newsome and colleagues (Murasugi et al. 1993) have shown that ES with currents of >50 μA can impair coarse motion direction discrimination (also see Fetsch et al. 2014 ). This strategy, employing high-current ES to impair behavior, has also been used in studies in human patients (e.g., stimulating face-category selective areas such as OFA [Jonas et al. 2012; Jonas et al. 2014] or FFA [Parvizi et al. 2012 ] impairs face perception) and in nonhuman primates (e.g., Ringo 1993; Ringo 1995) . Thus, we employed currents ranging between 50 and 650 μA to stimulate PIT in 50% of randomly selected trials during coarse orientation discrimination. We manipulated across experiments current strength and stimulation period relative to the grating presentation. To assess whether the behavioral impairment in coarse orientation discrimination was related to a general task impairment, we employed ES with the same current strength when the monkey was performing a fine color discrimination task at a visual field location ipsilateral to stimulated hemisphere. In addition, we tested the effect of ES of different current strengths (100 and 650 µA) on fine color discrimination for stimuli located at the same position as during the coarse orientation discrimination task. Doing so, we could assess whether the effect of ES of this PIT patch was specific for coarse orientation discrimination. To determine whether the ES effect was region specific, we also stimulated the lower bank of the superior temporal sulcus (STS) dorsally with respect to the PIT region, and several temporal cortical regions 6 mm more anterior in IT. Finally, we verified the behavioral impairment observed during ES with reversible pharmacological inactivation, injecting the GABA agonist muscimol in PIT of 1 animal.
Materials and Methods

Subjects
The 2 rhesus monkeys (Macaca mulatta, both male) of our previous study (Adab et al. 2014 ) served as subjects. Both animals had a plastic head post and were implanted with a plastic recording chamber above the posterior temporal cortex. Electrode locations were verified using anatomical MRI as described in our previous study (Adab et al. 2014) . Animal care and experimental procedures were approved by the ethical committee of the KU Leuven Medical School.
Noisy Grating Stimuli
The gamma-corrected grating stimuli and display were the same as in our previous studies (Adab and Vogels 2011; Adab et al. 2014) . Circular patches (2°diameter) containing a 100% Michelson contrast sinusoidal grating (2 cycles/degree) were spatially masked by noise and then superimposed on a noise background that filled the display. The SNR was manipulated by random replacement of the grating pixels by noise. Thus, for a 20% SNR stimulus, 80% of the grating pixels were replaced by noise. The noise of both the stimulus and the background was generated from the same sinusoidal luminance distribution. The orientations which the monkeys discriminated were 22.5°and 112.5°in Monkey M and 67.5°and 157.5°in Monkey P. During a break after the first series of ES experiments, Monkey M contracted a disease (unrelated to the ES experiments), which prevented further manipulation of current strength and ES outside PIT in this animal.
Tasks
Coarse Orientation Discrimination Task This task (Fig. 1A ) is identical to that described elsewhere (Adab and Vogels 2011; Adab et al. 2014) . Either 1 of 2 oriented gratings that could have different SNR levels (0-40%) was presented for 250 ms on the top of the noise background following a fixation period of 500 ms (fixation target size: 0.26°). The grating stimuli were presented at a fixed location in the lower left visual quadrant at 3°eccentricity during continuous fixation. After another 200 ms of fixation (delay period), the animals had to indicate the orientation by a saccadic eye movement toward the corresponding target (target size: 0.57°). Correct responses were rewarded with a drop of juice. The stimulus location was identical to that employed in our previous perceptual learning studies in these monkeys (Adab and Vogels 2011; Adab et al. 2014) , so that no further or extensive training was required to reach threshold level. Orientations and SNRs were presented in random order. The phase of the gratings was randomized across trials. The noise of the background and gratings was refreshed at the start of every trial. In some experiments, we also included a 100% SNR condition.
Color Discrimination Task A spot of 1°diameter having either of 2 very similar colors was presented in the upper ipsilateral visual field at 10.3°eccentricity together with a noisy grating at the contralateral trained location. The grating and the colored spot were presented for 250 ms following a fixation period of 500 ms. Following their presentation, the monkey had to continue fixating for another 200 ms. This fixation period was followed by the presentation of 2 target points, and the animals indicated the color of the spot by saccading toward the corresponding target. Correct responses were rewarded by a drop of juice. The display was filled with the background noise throughout the length of a trial. The color difference was titrated for each monkey. The SNR (10-40%) and orientation (2 orthogonal trained and 2 orthogonal untrained) of the grating were independent of the target color. The noise of the gratings and the background was refreshed at the start of every trial. Both animals were trained extensively in this task (see Adab et al. 2014) . The grating pattern was presented concurrently with the color patch in the initial experiments because this was the same paradigm that we employed in the same animals in our previous study (Adab et al. 2014) . In later experiments, the grating was not presented, which yielded similar results. In addition, we tested in Monkey P the effect of ES on fine color discrimination for a color patch presented at the same location (in the lower left visual quadrant at 3°eccentricity) as the grating in the orientation task.
Passive Fixation Task
To assess the responses of the neurons to grating stimuli, we recorded multiunit activity (MUA) to gratings presented during passive fixation. Eight oriented gratings (0°, 22.5°, 45°, 67.5°, 90°, 112.5°, 135°and 157.5°) with 80% SNR were presented interleaved. Each stimulus was shown for 250 ms, preceded, and followed by a fixation period of 500 and 100 ms, respectively. Completed trials were rewarded by a drop of juice. The display was filled during the whole course of a trial with the background noise which was refreshed on each trial. Fixation window size was 1.5°× 1.5°for all tasks.
Multiunit Recording Methods and Data Analysis
Standard electrophysiological techniques were employed to record MUA. Action potentials were recorded with epoxy-coated tungsten electrodes with impedances ranging between 40 and 500 KOhm (first quartile: 70, third quartile: 150 KOhm). Subjects' eye movements were monitored using infrared eye-tracking (500 Hz; EyeLink). In the present study, we recorded MUA by using an amplitude threshold and a window discriminator. The timings of the detected action potentials were saved together with behavioral events for later off-line analysis. All MUA recordings and ES experiments in Monkey M were performed at a single guide tube position targeting the PIT region of the trained hemisphere of ∼7 mm anterior with respect to the auditory meatus. The trained hemisphere refers here to the hemisphere contralateral to the gratings in the coarse orientation discrimination task, whereas the untrained hemisphere refers to the other hemisphere. The recordings and ES locations were on the lateral convexity, ventral to the lower bank of the STS. In Monkey P, recordings and ES were performed from two guide tube positions for PIT and from a third one for anterior IT, all in the trained hemisphere. The PIT guide tube locations were 1 mm apart (6 and 7 mm anterior to the auditory meatus) whereas the anterior IT locations were 6 mm more anterior (Fig. 1B) . Posteriorly, we recorded from both the lower bank of the STS (labeled as LPSTS) and the lateral convexity more ventrally (here labeled as PIT). Anteriorly, we recorded from the upper bank of the STS (UASTS), lower bank of the STS (LASTS), and the lateral convexity, ventral to the STS (LCAIT; see Fig. 1B ). In addition, a set of MUA recordings and ES (1 guide tube position) was performed in the fMRI-defined PIT of the untrained hemisphere of Monkey P (see Adab et al. 2014) .
In both monkeys, the targeted PIT locations overlapped the PIT region defined by fMRI and single-unit recordings in our previous study (Adab et al. 2014) . Receptive fields of the MUA were quantitatively mapped in many of the sites in the trained and untrained hemisphere. To map the receptive fields, we presented temporally modulated checkerboards (9.5 Hz; stimulus size 3°× 3°; checker size 1.5°) for 107 ms in a random order at a 7 × 7 locations (spacing 3°) of an invisible grid centered on the fixation point during fixation. As shown in Figure 2 for each animal, the receptive fields of the neurons in the stimulated parts of PIT demonstrated on average the strongest activity in the contralateral lower visual field quadrant with a peak at or close to the tested location for the trained hemisphere and at locations mirrored across the vertical meridian for the sites in the untrained In all tests, only unaborted trials were analyzed. To assess the responses to the grating stimuli, spikes were counted within 2 windows: [−250 ms : 0 ms] for baseline and [50 ms : 300 ms] for gross response, 0 ms being stimulus onset. The response strength for each recording (ES) site was computed using the data obtained during passive fixation. We employed half of the trials to determine the orientation that elicited the highest net firing rate (gross − baseline response). The remaining trials for that orientation were then employed to compute an unbiased responsivity index that was defined as: mean net response/ standard deviation of the baseline response. Thus, the net response to the best orientation (defined using an independent set of trials) was normalized by the variability in the baseline response. We also computed for each site d' as index of the discriminability of orientations differing by 90°: [mean response (best) − mean response (best + 90°)]/{square root [variance (best) + variance (best + 90°)]/2}, where "best" corresponds to the orientation that produced the highest gross response in half of the trials. The other half of the trials were employed to compute the gross responses that entered the d'. 
ES Procedure
The ES was performed using a BAK Electronics Biphasic Pulse Generator driving a WPI Stimulus Isolator (A365). The timing and duration of the pulse train was gated by the computer that presented the stimuli to the monkey. The current stimulating the brain was monitored online by an oscilloscope measuring the voltage across a 1 KOhm resistor in series with the electrode. The stimulation pulse parameters, except for their amplitude, were the same in all experiments. We employed biphasic square current pulses with the cathode pulse leading, each pulse having a single phase duration of 0.25 ms. The interphase interval was 0.02 ms, and the interpulse interval was 2.81 ms, yielding a 300-Hz pulse train. The current strength varied between 50 and 650 μA across experiments but was 650 μA in most experiments. In all experiments, except noted otherwise, the train duration was equal to the stimulus duration (250 ms), with a lag of 50 ms relative to stimulus onset (which takes into account the response onset delay of IT neurons [Afraz et al. 2006] ). In some experiments, we used longer (when stimulating more anterior regions than PIT) or shorter train durations and other timings relative to stimulus onset (see Results).
The ES was delivered in 50% of randomly selected trials, unknown to the monkey. The ES and no-ES trials were randomly interleaved. The average number of trials per ES experiment was 476. Rewards were given for correct responses in both types of trials.
Muscimol Injections
The GABA agonist muscimol was injected into PIT of Monkey P using a Hamilton syringe (10 μL) mounted in the Narishige microdrive that was used for the MUA/ES experiments. We employed the same grid and guide tube locations as during the MUA recordings and ES experiment. The muscimol (Sigma: 5 mg) was solved in 0.5 mL of sterile saline (NaCl: 0.9%) to reach a solution of 10 mg/mL. Since the PIT region in which we found orientation sensitive neurons extended anteriorly and ventrally several millimeters, we made multiple unilateral (right hemisphere) injections of 2-5 μL each (never exceeding 10 μL per penetration). The injections were made in the early afternoon using the following procedure: the Hamilton syringe was lowered into the brain, and the first injection was made in the most ventral part of the lateral convexity. The injections were performed slowly at a rate of 0.05-0.1 μL/min. After 5 min of waiting, the syringe was pulled up 1-2 mm and a second injection was made at that dorsal location. Up to 4 injections at different depths were made in up to 2 penetrations using this procedure. The 2 penetrations were spaced 1 mm along the sagittal axis. 10-20 min after the last injection, the performance of the monkey in the coarse orientation discrimination task was tested. The monkey's orientation discrimination was tested again the next 2 mornings after the injections (∼12-16 h and 36-40 h after the last injection), and MUA recordings were made at the injected locations to test for spiking activity. Only one muscimol experiment was performed in a single week. The same procedure was used for 2 sets of control injections with saline (the same amount as for the muscimol). One control injection was made in between the muscimol experiments and another after the muscimol experiments.
Analysis of Behavioral Data
For each experiment and each condition (ES or no-ES), proportions of correct responses were computed as a function of the SNR. The effect of ES across experiments was tested statistically by a two-way repeated-measures ANOVA with factors SNR and condition. Because the proportion of correct responses do not show a Gaussian distribution, we applied the arcsine transformation on the square root of the proportions before running the ANOVA (Sheskin 2003) . To control for violations of the sphericity assumption of repeated-measures ANOVA, we corrected the degrees of freedom using the Greenhouse and Geisser procedure. The effects we reported here were very robust and also significant with other statistical tests, including nonparametric Wilcoxon tests at each SNR.
The psychometric function in each condition of each experiment was fitted with a cumulative normal function using a maximum likelihood procedure (Wichmann and Hill 2001) , and the 75% correct threshold was computed. In many cases, this resulted in extrapolation of the SNR beyond 40% for the ES condition. Thresholds above 100% SNR were replaced by 100%. Percentage of threshold change for each experiment was then computed as (threshold ES − threshold no-ES)/threshold no-ES.
Results
Two monkeys were trained extensively in a coarse orientation discrimination task in which the animals had to discriminate between 2 orthogonally oriented oblique gratings masked by pixel noise (Adab and Vogels 2011; Adab et al. 2014) . In a previous study, we identified with fMRI an area in the posterior part of the inferior temporal cortex (PIT) that was activated by low SNR gratings in the trained animals. Subsequent recordings showed orientation sensitive responses of single units in this area and a greater discriminability for trained compared with untrained orientations (Adab et al. 2014) . Here, we address the question whether PIT contributes causally to the performance in the coarse orientation discrimination by employing ES and muscimol inactivation.
ES of PIT Impairs Coarse Orientation Discrimination
ES was performed using a range of current strengths during the short presentation of the stimulus (250-ms ES duration with a delay of 50 ms after visual stimulus onset). ES and no-ES control trials were randomly interleaved in an experiment. ES of PIT in the trained hemisphere produced a strong impairment of the coarse discrimination performance in each animal with the highest current (650 µA) that we employed (Fig. 3) . For 40% SNR, the mean performance in the ES trials was only 64% and 73% correct in Monkeys P and M, respectively, whereas the performance in the interleaved no-ES trials was >99% correct, in both animals. These performance differences at 40% SNR were statistically significant (Wilcoxon signed-rank test; Monkey P: P = 1.75 × 10 −14 , N = 78 experiments; Monkey M: P = 0.016, N = 7 experiments). A repeated-measures ANOVA with ES/no-ES and SNR as within factors on the percent of correct responses showed a significant main effect of ES/no-ES in each animal (Monkey P: F 1,77 = 2370.8; P < 0.00001; Monkey M: F 1,6 = 24.9; P = 0.0025). We also performed ES at the maximal SNR of 100% in Monkey P and found that ES still impaired his performance (ES: 76% correct; no-ES: 97%; Wilcoxon signed-rank test: P = 0.0015; N = 12). Although the behavioral impairment of the 650-μA ES was strong, the performance was still significantly above chance (50%) at SNRs of 15% and higher in Monkey P and at 10% and 20% SNR in the other animal (Wilcoxon test; P < 0.05). This indicates that the animals were still able to perform the task even though their sensitivity for grating orientation decreased.
The ES caused a marked flattening of the function relating a particular behavioral response and the SNR of each orientation (see Supplementary Fig. 1A,C) . As in previous studies (Salzman et al. 1990; Afraz et al. 2006; Verhoef et al. 2012) , we assessed whether ES affected the choices of the monkeys in a way that was predicted by the orientation preference of the MUA. As shown in Supplementary Figure 1B ,D, ES did not significantly increase the frequency of choices that corresponded to the orientation (of the 2 to be discriminated orientations) that produced the largest MUA.
In both monkeys, we explored the effect of current strength on the behavioral performance in the coarse orientation task. Both animals showed the same trend: an overall increase in impairment with increasing current strength (Fig. 4B) . Extensive exploration of the effect of current strength was performed in Monkey P, varying current strength between daily sessions and in a randomly interleaved manner in 9 daily sessions. Because both produced similar effects of ES strength, we pooled the data in Figure 4A ,B. Figure 4A illustrates the behavioral impairment for different current strengths. Importantly, a significant behavioral impairment was present already for a current of 100 μA (repeated-measures ANOVA, main effect of ES/no-ES: F 1,17 = 13.98; P = 0.0016; N = 18). Figure 4B shows the percentage change in the threshold that was induced by ES with different currents. Overall, the largest ES effect was seen in both animals for the 650 μA current strength, and yet, for this high current, there was a high degree of variability in the degree of impairment across ES experiments, as there was for the lower currents. Analyses of the data showed that this variability in threshold change could not be explained by the order of the daily sessions. Possible origins of this variability can be a combination of uncontrolled variations in current density (which varies with free tip size [Tehovnik 1996 ]), differences in location of the electrode with respect to the cortical lamina and an estimation error of the threshold change due to extrapolation of the fitted curve for SNRs of >40% (a performance of 75% correct at 40% SNR corresponds to a threshold change of 228% when using the mean threshold of 12.2% for the no-ES condition).
The degree of behavioral impairment depended on the ES duration. Shortening the 650-μA ES duration to 133 ms still produced a marked and significant decrease in the performance ( Fig. 4C ; repeated-measures ANOVA, main effect of ES/no-ES: F 1,3 = 130.7; P = 0.0014; N = 4 experiments in Monkey P), but it was on average smaller than that observed for the 250 ms long duration ES (Fig. 3A) . The timing of the ES during the task was highly critical to induce an effect: application of the 133-ms ES during the delay period between stimulus offset and target points onset produced no behavioral impairment ( Fig. 4D ; repeated-measures ANOVA, main effect of ES/no-ES: F 1,4 = 0.36; P = 0.58; N = 5 experiments in Monkey P). Information about the grating orientation, either in the form of a memory representation of the stimulus or, more likely, as a decision on the grating orientation needs to be kept online during the delay period between stimulus offset and target points onset. Thus, these data suggest that PIT is not critically involved in holding the orientation information online, at least not across a short interval. Because ES needed to be applied during the presentation of the grating stimulus in order to have a behavioral effect, ES affected the stimulus representation itself.
In our previous work, we trained both monkeys in a fine color discrimination task (Adab et al. 2014 ), performing at threshold in discriminating the color of a patch that was located in the ipsilateral upper visual field. ES during the fine color discrimination task allowed us to test whether the impairment observed for the coarse orientation discrimination resulted from a general inability to perform difficult perceptual tasks. In both animals, ES (650 μA) was applied during both tasks in daily sessions and the order of the 2 tasks was randomized across days. The color difference was small so that the mean performance in the color discrimination task was 84% and 79% correct in Monkeys P and M, respectively. ES produced a small but significant reduction of the performance in the color discrimination task (Monkey P: mean performance 82% [Wilcoxon signed-rank; P = 6.4 × 10 To compare the degree of impairment between the color and orientation discrimination task, we used the following procedure. For each ES experiment, we fitted, separately, the psychometric function for the ES and no-ES trials of the orientation discrimination task (Fig. 5A ). For the color discrimination task, we calculated the percent correct performance for the no-ES (ordinate of point A in Fig. 5A ) and ES (ordinate of point E in Fig. 5A ) trials. Then, we estimated the SNR at which the percent of correct responses for no-ES trials of the orientation discrimination task was equal to that obtained for the no-ES trials in the color discrimination task (abscissa of point B in Fig. 5A ). By doing so, we equated the difficulty of both tasks in the no-ES trials. Next, we estimated the percent of correct responses for the ES trials in the orientation discrimination task at the thus-defined SNR (ordinate of point C [or D] in Fig. 5A ) using the fitted psychometric function. When equating the difficulty between the 2 tasks, it was clear that the impairment in the orientation discrimination task with ES was greater compared with the color task (Fig. 5B) . Indeed, the percent of correct responses with ES was significantly lower in the coarse orientation compared with the color discrimination task in both monkeys (Wilcoxon signed-rank test: Monkey P: P = 5.17 × 10 −12 ;
Monkey M: P = 0.03). Thus, we conclude that the 650-μA ES impairment in the coarse orientation discrimination task does not exclusively reflect a general impairment to perform difficult perceptual tasks. In the above color discrimination task, the stimulus was located in the ipsilateral visual field. This was done on purpose, allowing a test of general task impairment. Because previous studies of PIT indicated the presence of color selective neurons in this region (Kobatake and Tanaka 1994; Yasuda et al. 2010 ; Namima et al. 2014), we expected that ES would disrupt the fine discrimination of the color of a patch that was present at the same location as the grating in the coarse orientation discrimination task. To verify this, we performed ES at 650 and 100 µA in Monkey P with presentation of the color patch at the same location as the grating patch in the orientation task. In the same experiments and for the sake of comparison, we also measured the monkey's performance in the coarse orientation discrimination task. As shown in Figure 5C , ES with 650 µA impaired the performance equally in both tasks. However, ES with the lower current of 100 µA impaired the performance in the orientation but not the color task (Wilcoxon matched pairs test comparing performance between the 2 tasks with ES: P = 0.03; N = 9), indicating some specificity for the orientation versus color discrimination in the PIT region. Note that these 100-µA data are independent from those shown in Figure 4A ,B and thus are a replication of the impairment of the coarse orientation discrimination with ES at this low current. A possible explanation for this specificity for orientation versus color observed for the 100 µA current is that the PIT region we stimulated was localized using responses to gratings and not color patches and color and orientation/shape representations may not completely overlap in PIT (Yasuda et al. 2010) . The stronger effect of PIT ES with 650 µA on the fine color discrimination suggests that this high EM current affects a larger cortical region, engaging both color-encoding and orientation-encoding neural populations, than the low 100 µA current.
Degree of Behavioral Impairment Depends on the Stimulation Site within Temporal Cortex
To assess whether the impairment in the coarse orientation discrimination tasks was specific to ES of the PIT region, we also applied 650-μA ES to 4 other temporal cortical regions in the trained hemisphere of Monkey P (Fig. 1B) . ES of the lower http://cercor.oxfordjournals.org/ bank of posterior STS, just dorsal to the PIT region we stimulated, resulted in a significant behavioral impairment (LPSTS in Fig. 6A ; repeated-measures ANOVA, main effect of ES/no-ES: F 1,14 = 19.7; P = 0.00056; N = 15). However, the mean percent of threshold change was 92%, which is much smaller than that obtained with PIT ES (mean of 402%). We also applied ES to 3 regions that were ∼6 mm anterior to the PIT region we stimulated (Fig. 1B) .
Given the longer duration of neural responses in the anterior IT regions, we extended the ES duration to 290 ms (with a 50-ms delay relative to stimulus onset). ES of the more anterior IT regions also resulted in impaired coarse orientation discrimination (lower bank anterior STS [LASTS in Fig. 6A ]: main effect of ES/no-ES: F 1,26 = 122.9; P < 10 −6 ; N = 27; lateral convexity of anterior IT
[LCAIT in Fig. 6A ]: F 1,14 = 25.0; P = 0.0002; N = 15). Again, the degree Figure 5 . Effects of ES in the coarse orientation discrimination task and the fine color discrimination task compared. (A) An example of a 650-μA ES experiment in PIT of Monkey P. The performance was fitted with cumulative normal function for ES and no-ES trials. Then, the performance in no-ES trials of the color discrimination task in the same experiment (ordinate of point A) and the fitted curve in no-ES trials of the orientation discrimination task were used to estimate the SNR at which the performance in both tasks were equal (abscissa of point B). The performance for the ES trials (ordinate of D) in the orientation discrimination task then corresponded to the value of the fitted curve at the estimated SNR (abscissa of point C). By doing so, the same baseline ( performance in no-ES trials) in the 2 tasks was obtained. For this particular experiment, performance dropped with ES from 87% to 84% and 54% in the color and orientation discrimination tasks, respectively. (B) The performance of Monkeys M and P is shown as a function of the task after equating for the performance in no-ES trials for the 2 tasks. The color patch was presented at 10°eccentricity in the ipsilateral upper visual field. The ES current strength was 650 µA. (C) Performance of Monkey P when the color patch for the fine color discrimination task was presented at the same location (3°eccentricity, contralateral lower visual field) as the grating pattern in the coarse orientation discrimination task. Two current strengths were applied for both tasks: 650 (left) and 100 µA (right). Only the 650 µA resulted in an ES effect for the fine color discrimination task, whereas the coarse orientation discrimination task was significantly affected at both current strengths. Note that the performance in the no-ES trials was equated for the 2 tasks. The small and big boxes in (B,C) indicate the median and the interquartile range, respectively. N indicates the number of experiments.
of impairment was considerably lower (LASTS: 145%; LCAIT: 61%) than that for PIT, and it was comparable with that of the lower bank of the posterior STS (LPSTS: 92%). Importantly, it was not the case that ES of any temporal cortical region produced a behavioral impairment in the coarse orientation discrimination task, since ES of the upper bank of the anterior STS did not affect the performance in this task (UASTS in Fig. 6A : main effect of ES/ no-ES: F 1,19 = 0.20; P = 0.65; N = 20). The stronger ES effect in PIT was obtained irrespective of whether this region was stimulated before or after the ES of the other regions.
We also recorded MUA to oriented gratings during passive fixation in each of the IT regions that we stimulated. The degree of responsiveness of the MUA was quantified for each experiment by computing a responsivity index (see Materials and Methods). Figure 6B plots the relationship of threshold change resulting from ES and the responsivity index for each site and region separately for both monkeys. Note that the responsivity index was computed using net responses and thus can have negative values. MUAs to the grating patterns were found in all IT regions, except the upper bank of the anterior STS. We ran a general linear model analysis of covariance (GLM ANCOVA) of the threshold changes with region as categorical predictive variable and responsivity as continuous predictor for the data of Monkey P. The region variable was highly significant (F 4,149 = 27.6; P < 10 −6 ) whereas variations in the responsivity had no predictive power (F 1,149 = 0.28; P = 0.59; N = 155). Furthermore, we observed no significant correlation between the responsivity and threshold change within PIT of Monkey P (Spearman rank correlation; R = 0.09; P = 0.45; N = 78). Similarly, variations in d', an index of how well the MUA can discriminate 2 orthogonal gratings (see Materials and Methods), did not predict variations in ES-induced threshold changes (GLM ANCOVA on data of all regions [see above]: F 1,149 = 0.79; P = 0.38; N = 155). However, the absence of a relationship between responsivity or discriminability and the effect of ES should be taken cautiously, since multi-and not singleunit activity was employed in these analyses. MUA responses and their selectivity depend not only on technical features such as threshold setting and the electrode electrical properties but also on anatomo-physiological issues such as the degree of clustering of cells with similar properties or the functional heterogeneity of a region. Thus, selectivity estimates derived from MUA may differ from those of the single units in an area. In Monkey P, we applied also ES, using 650 and 100 µA current strengths, in PIT of the untrained hemisphere with the grating stimuli being presented at the trained location. Thus, we could assess whether the effect of ES is specific to the hemisphere in which we applied ES. Since these ES experiments were performed ∼1 year after the main ES and muscimol experiments (see below) in the trained hemisphere, we also repeated for comparison ES experiments with 650 and 100 µA in the trained hemisphere. ES of PIT in the trained hemisphere (Fig. 7A,B) produced a significant impairment for both 650 μA (repeated-measures ANOVA, main effect of ES/no-ES: F 1,14 = 135.81; P = 0.000001; N = 15) and 100 µA (F 1,8 = 100.78; P = 0.000008; N = 9). ES in the untrained hemisphere (Fig. 7C ) produced a significant impairment for 650 µA (F 1,16 = 18.73; P = 0.0006; N = 17), although the effect size was 10-fold smaller (mean percentage of threshold change = 18%) compared with the trained hemisphere (mean percentage of threshold change = 187%; Mann-Whitney U test; P = 2 × 10 −6 ). ES with 100 µA in the untrained hemisphere (Fig. 7D ) yielded no impairment of the coarse orientation discrimination task (F 1,13 = 0.14; P = 0.53; N = 14). These data demonstrate a great degree of hemispheric specificity of the behavioral effect of ES on the performance in the coarse orientation discrimination task. The small, residual effect of ES with 650 µA in the untrained hemisphere agrees with the small effect of ES in the trained hemisphere observed in the fine color discrimination task for the ipsilateral located color patch.
Muscimol Inactivation in PIT Impairs Coarse Orientation Discrimination
After the ES experiments were concluded, we performed a series of muscimol inactivation experiments in PIT of Monkey P. We injected muscimol (2-5 μL) at multiple locations in PIT along the vertical axis in the early afternoon. Later on the same day, we measured the performance in the coarse orientation discrimination task ( postday 0 measurement) and repeated these measurements the following morning ( postday 1) and the second day ( postday 2). In all of the 7 muscimol injection experiments, the behavioral performance on postday 2 equaled that obtained the day before the injection ( pre measurement; Fig. 8 ). However, performance in the coarse orientation discrimination task was significantly reduced on postday 0 and postday 1, compared with the pre-and postday 2 measurements (repeated-measures ANOVA: main effect of measurement day: F 2.78,16.7 = 27.2; P = 0.000002; N = 7). This effect was also significant when comparing the performance on postday 0, 1, and 2 with an equated number of trials per day (mean of 2638 trials per day; F 2,12 = 31.56; P = 0.00002; N = 7). The behavioral impairment corresponded to a mean percent threshold change of 13.0 (s.e. 2.2) and 8.5% (s.e. 1.5) for postday 0 and 1, respectively. Thus, overall, the effects of muscimol injection were, although statistically significant and consistent across experiments, rather small in comparison with the ES effects in PIT of the same monkey. We verified that muscimol decreased the neural responses in PIT by recording MUA on postday 1 and postday 2 while the animal was performing the coarse orientation discrimination task in 6 of the 7 experiments. In each case, the neural responses to the 40% SNR gratings were strongly reduced on postday 1 compared with postday 2 (see inset of Fig. 8A ).
To ascertain that the behavioral impairment was due to muscimol and not another factor related to the experimental procedure or fluid injection per se, we performed 2 injections with saline using exactly the same procedure and volumes as described for the muscimol injections. One of these saline injections was made in between the muscimol experiments, whereas the other one was performed after the muscimol experiments. Unlike each of the muscimol experiments, the injections of saline produced no behavioral impairment ( percent threshold change: postday 0: −3.7 [s.e. 
Discussion
We have provided strong evidence that perturbing activity of PIT cortical neurons impairs the performance of monkeys in a coarse orientation discrimination task. This was shown by ES of various current strengths and muscimol injections. The impairment resulting from ES was nearly absent and much weaker when the animals were discriminating just noticeable differences in color of an ipsilateral stimulus or performing a coarse orientation discrimination of an ipsilaterally located grating, implying that the impairment in the coarse orientation discrimination caused by ES did not result exclusively from a general inability to perform highly demanding visual tasks. The impairment was time sensitive, only occurring when ES was applied during stimulus presentation and not when applied between stimulus offset and before the behavioral response. This suggests that ES of PIT impairs the perception of the grating pattern. The lack of impairment when ES was applied in the poststimulus delay period before the response does not disagree with a role of PIT or visual cortical areas in general in working memory (Vogels et al. 1997; Pasternak and Greenlee 2005; Mendoza-Halliday et al. 2014) since our task, which included a delayed response component, did not require that the subjects maintained the stimulus feature. In working memory tasks, such as delayed match to sample, the decision depends on the maintenance of stimulus information during the delay period. A comparison of the behavioral effects of ES across several regions of the temporal cortex indicated that the impairment was the greatest for ES of PIT, smaller for the lower banks of STS and lateral convexity of anterior IT and was absent for ES of the upper bank of the anterior STS, which demonstrates a regional specificity of the ES effect. Inactivation of the PIT activity with injections of muscimol in PIT of one animal confirmed that perturbation of PIT activity impairs coarse orientation discrimination.
The present study showed a severe deficit in the discrimination of orthogonally oriented gratings at high SNRs when 650-μA ES was applied to PIT cortex. However, we only anticipated such an impairment at the lower SNRs. The reason was that previous studies showed that animals with TEO ablations, which included the present PIT region, had fine orientation discrimination thresholds of <5°for simultaneously presented grating pairs (Vogels et al. 1997) or 10-20°for discriminating a single vertical grating from other orientations (De Weerd et al. 1999) . In both of these studies, the animals had to respond to a cardinal orientation whereas the discriminanda in the present study were oblique. One could speculate that PIT/TEO affects oblique more than cardinal orientation discrimination. A more likely explanation of the apparent discrepancy between studies is that ES produces a short, transient perturbation of stimulus processing which is difficult if not impossible to compensate while permanent ablations can lead to re-organization of function and, thus, underestimate the contribution of an area to a task.
Human subjects report phosphenes ("a spot of light") during ES of the primary visual cortex (Penfield and Rasmussen 1950) but such percepts-or any visual sensations-are uncommon when stimulating more anterior visual cortical sites (Murphey et al. 2009 ). We do not know what the monkeys experienced during ES of PIT (or the other regions). Our data imply that such a putative percept evoked with a 100 µA current should interfere less with the color patch than with the grating (Fig. 5C) , indicating some degree of stimulus feature/task specificity, even with equated task difficulty. We believe it is more instructive to think in mechanistic terms about ES effects, that is, how these affect the activity in different interconnected areas, than with first-person concepts such as perceptual awareness of phosphenes.
The detrimental effect of ES was observed for a wide range of current strengths between 100 and 650 μA. ES can directly activate neurons and can have also indirect, trans-synaptic effects. The radius of the direct effect depends on the current strength and pulse duration (Tehovnik 1996) . Another factor that determines the radius of the direct effect is the current-distance constant of the neurons, which depends on the diameter and myelinization of the axons. For the pulse duration we employed, the estimated radius of the direct effect would be ∼1 mm for a 650 μA when using the estimated current-distance constant of V1 neurons (Tehovnik et al. 2006) . Using the lowest reported current-distance constant (272 μA/mm 2 for the most excitable pyramidal tracts [Stoney et al. 1968; Tehovnik 1996] ), the radius would be ∼1.5 mm.
Aside from these local ES effects in the targeted region, ES is known to activate also areas that are connected to those areas stimulated directly (Tolias et al. 2005; Ekstrom et al. 2008; Moeller et al. 2008) . The PIT region that we stimulated electrically is known to have backward projections to V1 (Rockland and Van Hoesen 1994; Markov et al. 2011 ). Thus, one should consider the possibility that the behavioral effect after ES of PIT resulted from an orthodromic perturbation of the activity in V1. We believe this is unlikely because the projections of PIT to V1 are known to terminate in layer 1 (Rockland and Van Hoesen 1994; and, likely, these feedback connections have a modulatory instead of a driving role.
The PIT region is reciprocally connected to the extrastriate areas V2 and V4, the lower bank of the middle and anterior STS and more anterior areas of the lateral convexity of IT (for review, see Kravitz et al. 2013 and Markov et al. 2014) . ES in PIT is likely to have affected the activity in these areas too, and these trans-synaptic effects increase with ES current strength (Tolias et al. 2005) . Thus, the perturbation of the activity in these areas that are monosynaptically connected with PIT may have contributed to the strong impairments seen at high current strengths, whereas the smaller effects seen at the lower current strengths may have resulted mostly from the perturbation of only PIT.
Interestingly, the effect of ES was the greatest in PIT, suggesting that PIT has the strongest contribution of all the areas we stimulated to coarse orientation discrimination. Despite the use of a longer stimulation duration, ES of more anterior IT areas produced smaller effects, the largest being in the lower bank of anterior part of the STS. The effect of ES in these anterior IT regions may point to some contribution of these anterior regions to the coarse orientation discrimination task or were partially due to perturbation of upstream areas such as PIT and perhaps V4, which are monosynaptically connected to these anterior areas (Markov et al. 2011; Kravitz et al. 2013; Markov et al. 2014 ).
The backward projections from anterior IT target several layers of PIT (Suzuki et al. 2000) and, thus, ES of anterior IT may produce trans-synaptic perturbations in the posterior areas. Interestingly, ES of the upper bank of the anterior STS did not produce a behavioral deficit. Neurons in that region were largely unresponsive to the grating stimuli, and it is only weakly connected to PIT (Markov et al. 2014) .
The muscimol inactivation produced a relatively small behavioral impairment, comparable with that obtained with ES with currents between 50 and 100 μA in the same animal. Given that responsive neurons were found at several anterior-posterior positions and a range of depths ventral to the STS (Adab et al. 2014) , it is not surprising that muscimol injections needed to be made at several locations simultaneously in order to obtain a behavioral effect. However, the small effect size suggests that other areas, not only PIT, contribute to coarse orientation discrimination. This agrees with our previous electrophysiological data that showed significant choice probabilities in V4 (Adab and Vogels 2011) . The reasons why ES produced, in general, much stronger effects than the muscimol inactivations could be due to a combination of several factors. First, ES produces strong trans-synaptic activation within the stimulated area and certainly at higher currents also in connected areas, which might be less the case with muscimol. It follows that other areas contributing to coarse orientation discrimination can also be affected by the ES but not -at least not directly-by the muscimol inactivation. Second, ES is delivered at very short durations whereas the muscimol inactivation happens on a much longer time scale, allowing some recovery of function by compensatory mechanisms. At least one previous study also showed stronger behavioral effects with ES than with muscimol inactivations: after fine disparity discrimination training, muscimol inactivation of area MT did not impair coarse depth discrimination, whereas ES of MT neurons affected the performance in the same task (Chowdhury and Deangelis 2008) . Whatever the reason for the differential size of the effects induced by ES and muscimol, the significant and consistent effect of muscimol inactivation on the coarse orientation discrimination task provides further support for the hypothesis that PIT is involved in the coarse orientation discrimination task.
Earlier work found impaired retention of pattern discrimination (Kikuchi and Iwai 1980) and enhanced pattern discrimination thresholds in TEO lesioned monkeys (Yaginuma et al. 1982; De Weerd et al. 2003) , which was taken to support the hypothesis that the posterior part of IT plays a critical role in pattern perception (Cowey and Gross 1970; Iwai 1985) . When we accept that a grating is a pattern, then our results agree with this general role of TEO/PIT. However, a well-controlled more recent study found no effect of irreversible lesions of macaque TEO on detection of shape distortions, hue discrimination and a range of other visual tasks (Huxlin et al. 2000) . Although it remains to be seen whether this negative result upholds for reversible inactivations, excluding a role of compensatory plasticity, it suggests that a lot still remains to be learned about this little explored part of IT.
The rationale of the present study was based on our earlier findings that a region in PIT defined by fMRI in the trained monkeys showed orientation sensitivity and a higher incidence of neurons tuned to the trained orientations (Adab et al. 2014) . In fact, the MUA data collected in the present ES experiment confirmed the bias for the trained orientations (data not shown). Furthermore, our previous perceptual learning study revealed that single PIT neurons showed small but significant choice probabilities. These observations suggested to us that PIT contributes to performance in a coarse orientation discrimination task in trained animals. The present ES and muscimol inactivation results support this hypothesis. The present data strongly suggest that, at least in trained subjects, a late visual cortical area is part of the network that is involved in the discrimination of oriented gratings masked by noise.
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